The Hedgehog (Hh) and Wingless (Wg) signaling pathways play important roles in animal development. The activities of the two pathways depend on each other during Drosophila embryogenesis. In the embryonic segment, Wg is required in anterior cells to sustain Hh secretion in adjacent posterior cells. Hh input in turn is necessary for anterior cells to maintain wg expression. The Hh and Wg pathways are mediated by the transcription factors Cubitus interruptus (Ci) and Pangolin/TCF (Pan), respectively. Coincidentally, pan and ci are adjacent genes on the fourth chromosome in a head-to-head orientation. Our genetic and in situ hybridization data indicate that ci D is a mutation affecting both ci and pan. Molecular analysis revealed that the ci D allele is caused by an inversion event that swapped the promoter regions and the first exons of the two genes. 
Introduction
One of the most powerful morphogenetic signals controlling cell fate decisions during animal development is the protein Hedgehog (Hh). Originally identified in a screen for genes required in the Drosophila segmentation process (Nüsslein-Volhard and Wieschaus, 1980) , the hh gene has subsequently been found to encode an autoproteolytically processed and secreted protein (Lee et al., 1992 (Lee et al., , 1994 Taylor et al., 1993; Tabata and Kornberg, 1994; Porter et al., 1995) . Cells receiving Hh activate a novel signal transduction pathway gated by the cell surface proteins Patched (Ptc) and Smoothened (Alcedo and Noll, 1997; Ingham, 1998) .
The activity of this signal transduction pathway is translated into transcriptional responses by the zinc finger protein Cubitus interruptus (Ci) (Kalderon, 1997) . Not only does the ci gene encode the mediator of the Hh pathway, its expression pattern also determines which cells are responsive to the Hh signal. Both in the Drosophila embryo as well as in imaginal disc development, cells that secrete Hh (the cells of the posterior compartments) are unable to respond to Hh because they do not express the ci gene (Eaton and Kornberg, 1990; Forbes et al., 1993; Slusarski et al., 1995; Alexandre et al., 1996; Dominguez et al., 1996; Hepker et al., 1997; Von Ohlen et al., 1997) .
The ci locus was discovered on the fourth chromosome in the early 1930s (Tiniakow and Terentieva, 1933; Bridges, 1935) . The founding mutations, the recessive ci 1 and the dominant ci D alleles, were named after their adult wing phenotypes, the most conspicuous of which is the interruption of the cubital vein L4. Neither of these two alleles is a loss-of-function allele. Rather, both cause ectopic expression of Ci in posterior compartment cells (Eaton and Kornberg, 1990; Schwartz et al., 1995; Slusarski et al., 1995; Locke and Hanna, 1996) . In the case of ci 1 , a retrotransposon inserted into the regulatory region prevents the transcriptional repression of ci by Engrailed (En) in posterior cells (Orenic et al., 1990; Locke and Tartof, 1994; Schwartz et al., 1995) . The cause of the ectopic expression of Ci by the X-ray induced allele Ci D has not been found. Apart from this common phenotype, the Ci D allele behaves differently in many other respects. Homozygous animals die during embryogenesis with an atypical segment polarity defect (Orenic et al., 1990; Motzny and Holmgren, 1995) . Moreover, the complex complementation behavior of ci D has provoked recurring speculations of whether ci D is indeed allelic to ci (Bridges, 1935; Hochman, 1971; Orenic et al., 1987 Orenic et al., , 1990 Locke and Tartof, 1994) .
During embryonic segmentation, the Hh pathway is intimately linked to a second major signaling pathway, that of the Wg signal (Perrimon, 1994) . The maintenance of wg expression in cells anterior to the compartment (or parasegment) boundaries requires Hh input (Hidalgo and Ingham, 1990; Forbes et al., 1993; Ingham, 1993; Ingham and Hidalgo, 1993; van den Heuvel et al., 1993) . Concomitantly however, Wg is required to maintain en expression in posterior cells (DiNardo et al., 1988; Martinez Arias et al., 1988; Bejsovec and Martinez Arias, 1991; Siegfried et al., 1992; Vincent and Lawrence, 1994) , which in turn maintains expression of hh in these cells (Lee et al., 1992; Mohler and Vani, 1992; Tabata et al., 1992) . Thus a block in either of the two signaling systems results in the loss of both signals and hence in the same segment polarity phenotype. Later during development, Hh and Wg are involved separately in anteroposterior and dorsoventral patterning, respectively, in the wing imaginal disc (Basler and Struhl, 1994; Tabata and Kornberg, 1994; Zecca et al., 1996; Neumann and Cohen, 1997) .
The transduction of the Wg signal leads to the stabilization and cytoplasmic accumulation of the b-catenin homolog Armadillo (Arm) (Peifer et al., 1993; Peifer et al., 1994) . Recent studies indicate that free Arm protein binds to the N-terminal region of the nuclear protein Pangolin (Pan), a member of the TCF/Lef-1 family of transcription factors (Brunner et al., 1997; Nusse, 1997; Riese et al., 1997; van de Wetering et al., 1997) . According to the current prevailing view, Arm provides Pan with a transcriptional activation domain, leading to the expression of Wg target genes (Riese et al., 1997; van de Wetering et al., 1997; Bienz, 1998) . Surprisingly, Pan was found to be encoded next to the ci gene on the fourth chromosome (Brunner et al., 1997; van de Wetering et al., 1997; Dooijes et al., 1998) . To date, there is no apparent reason why the nuclear mediators of two of the most powerful morphogenetic signaling systems should be encoded by adjacent genes. However, this finding triggered a series of discoveries, described in this paper, that explain the complex behavior of ci D at the molecular level. We show that the ci D mutation links the Hh and the Wg pathways in an intricate manner by joining the Arm-binding domain to Ci and concomitantly removing it from Pan.
Results

Mutually converted transcriptional regulation of ci and pan in ci D mutant embryos
In the course of our genetic and molecular analysis of the pan locus, we found pan to be expressed ubiquitously during embryogenesis (Fig. 1C) (Brunner et al., 1997; van de Wetering et al., 1997) . Unexpectedly, however, we observed that in ci D mutant embryos pan is expressed in an intense, segmentally-repeated manner (Fig. 1E ). This expression pattern is intriguingly similar to that of the ci gene ( Fig. 1D ) and it occurred both in homozygous and heterozygous mutant embryos. Thus it can not be the phenotypic consequence of a loss-of-function mutation. Moreover, we found that in ci D /ci D embryos, the typical striped expression pattern of ci is absent and instead ci transcripts are dispersed uniformly at low levels, like pan transcripts in wild type embryos (Fig. 1F ). This observation, together with previous genetic data indicating that ci D represents a double mutation affecting both the ci and pan loci (Brunner et al., 1997; van de Wetering et al., 1997) , suggests that ci D may be the result of an inversion that exchanges the regulatory regions of the two genes. This hypothesis would be consistent with the opposite orientation of the two genes relative to each other. It would also explain why ci is expressed ectopically in the posterior compartment of ci D /+ wing imaginal discs (Slusarski et al., 1995) , causing the well-known dominant ci D phenotypes.
ci D encodes hybrid ci and pan genes with swapped promoters
To analyze the ci D mutation molecularly, we first determined the genomic structure of the two genes and carried out genomic Southern blot analysis using probes derived from two cosmid clones covering most of the ci and pan region. However, as neither of the cosmids covers the 5′-end of pan we used PCR products for that region. Two of the probes indicated break points in the first and ninth intron of ci and pan, respectively (see Fig. 2A ). All other probes detected no changes in genomic DNA between wild type and ci D . To assess the nature of these break points and their effects on the ci and pan gene products, RT-PCR analysis was performed using various primers derived from the coding regions closest to the two break points ( Fig. 2 and Section 4). Using certain primer pairs consisting of a pan and a ci primer, we obtained two PCR products from ci D but not from wild type DNA. We then cloned and sequenced these two PCR products. The results indicate that the ci D mutation is indeed caused by an inversion event that swapped the promoter region and the first exons of both genes. Thus the ci coding region in ci D is controlled by the ubiquitous pan promoter and encodes a Ci fusion protein that carries the N-terminal region of Pan. The predicted protein product consists of the first 246 amino acids of Pan fused in frame to the Ci protein, of which the first 13 N-terminal amino acids are missing. This fusion protein will be referred to as the Ci D protein in this study. The pan gene in ci D is controlled by the ci promoter. Its mRNA product is predicted to start with the 5′ region of ci, up to 78 nucleotides before the ci start codon, where it is fused to a sequence of unknown origin (135 nucleotides) which in turn is connected to the majority of the pan transcript (starting before the 10th exon, right before the HMG domain). This hybrid mRNA has a putative start codon directly downstream of the break point in frame with the original Pan open reading frame ( Fig. 2B ) and is predicted to code for a truncated Pan protein that lacks the Nterminal 280 amino acids.
Ci D integrates Hh and Wg inputs in its control of Hh target genes
The findings described above raise the possibility that ci D may be a gain-of-function mutation, not only due to ectopic expression of ci in posterior compartment cells, but also because it encodes an altered protein product, the Pan N -Ci fusion protein (Ci To test this hypothesis we first determined whether tran- scription of the Hh target gene ptc is elevated in response to Wg signal transduction in ci D /+ animals. ptc is normally upregulated in a stripe of anterior cells along the anterior/ posterior compartment boundaries of imaginal discs (Fig.  3A) . In ci D /+ wing discs ptc is expressed ectopically in the posterior compartment (Fig. 3B) . However, unlike the relatively uniform posterior ptc expression caused by ectopic expression of wild type ci (Dominguez et al., 1996; Alexandre et al., 1996; N. Méthot and K. Basler, unpublished) , ptc is expressed most strongly in those ci D /+ posterior cells that lie in vicinity of the dorsoventral wing boundary, which is an active source of Wg signal at this stage. To directly test the response of ci D /+ cells to Wg input, we activated the Wg signal transduction pathway in marked clones of cells by means of a constitutively activated form of Arm (DArm, Zecca et al., 1996) . While DArm expression had no effect on the expression of ptc in wild-type wing disc cells (Fig.  3C) , it caused ectopic expression of ptc in most posterior and even in some anterior ci D /+ cells (Fig. 3D,E) . The induction of ptc transcription occurs in a cell-autonomous manner, indicating that it does not involve secondary signaling molecules. The fact that most anterior ci D /+ cells can not respond to DArm by upregulating ptc may be due to high anterior levels of the Ci75 repressor (Aza-Blanc et al., 1997). The transgenes used are depicted in Fig. 4 . They include the exact Pan-Ci fusion construct as it is encoded by the ci D locus. As controls we used transgenes expressing the Ci D protein with either no Arm binding site or with an Arm binding site that has been weakened by the point mutation pan S28 (Brunner et al., 1997) . Expression of these transgenes was driven by the ubiquitous Gal4 line C765. The activities of the Hh target genes ptc and decapentaplegic (dpp) were monitored by using a ptc-lacZ and a dpp-lacZ reporter. Ubiquitous expression at moderate levels of a wild-type ci transgene induces ectopic expression of ptc-lacZ but not dpp-lacZ in some posterior compartment cells (Fig. 5B,G) . In contrast, ubiquitous expression of the Ci D fusion protein induces extensive ectopic ptc-lacZ and dpp-lacZ expression in most of the posterior compartment and even in the anterior compartment (Fig. 5C,H) . This effect depends on the interaction of Arm with Ci D , as the transgene encoding a weakened 
Induction of Hh target genes by Wg requires the Arm binding site of Ci
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S28N -ci) shows reduced and more restricted ptc-lacZ and dpp-lacZ expression and the transgene encoding the Ci D protein lacking the Arm binding domain (UAS-pan DN -ci) shows the same activity as that of wild-type ci (UAS-ci). Consistent with our interpretation, we observe that in anterior (Fig. 5C ) as well as in posterior (Fig. 5D ) cells, ptc-lacZ expression is primarily induced along the dorsoventral boundary where highest levels of Wg signaling occur.
Together, our results demonstrate that Ci D is endowed with an activity that wild type Ci does not possess, namely the ability to induce Hh target gene expression in response to Wg signaling. This property of the Ci D protein depends on its ability to bind to Arm, as deletion or alteration of the Arm binding site leads to absent or reduced ectopic expression of Hh target genes, respectively. The construct mimicking the altered pan product (DPan, Fig. 4 ) has no effects on ptc or dpp expression (data not shown). (Fig.  6A) , a typical sign of reduced Wg signaling (Couso et al., 1994; Zecca et al., 1996) . This phenotype is never observed in animals ectopically expressing wild-type Ci at similar levels to those of Ci D (Fig. 6B) , nor is it observed in animals heterozygous for a pan null allele. Moreover, if Wg signaling is reduced further in ci D /+ heterozygotes by introduction of one copy of the homozygous viable pan S28 allele, a significant enhancement of the wing-margin phenotype is observed (Fig. 6C) .
Wg signal transduction is compromised by the Ci
The reduction of Wg signaling in ci D /+ animals could either be caused by the N-terminally truncated Pan product ( Fig. 2A) or it could be caused by the titration of functional Arm by the Ci D fusion protein.
To distinguish between these two possibilities we expressed each one of the two protein products of the ci D locus alone in the wing and found that the Ci D fusion protein (Fig. 6D) , but not the truncated pan construct (pan DN -ci, not shown), caused wing margin defects. Moreover, using the control transgenes depicted in Fig. 4 , we could demonstrate that the Arm binding site in the Ci D fusion protein is responsible for this wing margin loss (Fig.  6D,F) . Thus, in addition to the functions ascribed to the Ci D protein above, the Ci D product behaves as a dominant negative component in the Wg pathway, attenuating Wg signaling by competing for functional Arm protein.
Discussion
The ci D allele was identified more than six decades ago, but has remained enigmatic due to its complex genetic behavior. Here we provide clarification as to why ci D has been such a perplexing mutation. Although it has been found previously that ci D affects two complementation groups (Hochman, 1971; Locke and Tartof, 1994; Brunner et al., 1997; van de Wetering et al., 1997) , the intricate ways by which it connects and interferes with the Hh and Wg transduction pathways could not have been foreseen without molecular analysis. Not only does ci D affect the nuclear mediators of two of the most powerful morphogenetic signaling pathways by swapping their transcriptional control regions, it links them functionally by transferring the signal integrating domain of one to the backbone of the other. This demolishes the insulation of the linear Hh signal transduction pathway and exposes it to Wg input.
Regulation of Ci activity by a transcriptional activation domain
The Ci D protein differs from wild-type Ci protein in its Nterminal region which contains the b-catenin/Arm binding site of the Pan N terminus. Our observation that the association of Arm with Ci results in increased transcriptional activation of Hh target genes has implications for the understanding of how Arm, Pan and Ci function.
For Arm we can conclude that, as observed in yeast assays with LexA fusion proteins (Riese et al., 1997; van de Wetering et al., 1997) , it can confer transcriptional activity to DNA-binding proteins other than the TCF/Lef family member Pan. Our data indicate that Arm can interact with, and most likely activate, Ci D and thereby lead to Ci-specific target gene expression. Thus, the productive interaction of Arm and Pan may not depend on any particular properties of Pan apart from its ability to bind Arm. Pan, and Ci D , may merely provide DNA binding domains to the same transcriptional transactivator module Arm.
The fact that Arm binding is able to enhance significantly the positive transcriptional activity of Ci D suggests that Ci normally can function as a transcriptional activator whose activity can be augmented. Although it is not known whether in wild-type the positive transcriptional activation function of Ci is regulated by Hh, our results indicate that Ci-mediated transcription at least has the potential to be positively regulated.
In the absence of Hh signaling Ci appears to be processed post-translationally into a C-terminally truncated form of Ci, Ci75, which functions as a repressor of Hh target gene transcription (Aza-Blanc et al., 1997) with the kinesin-related protein Costal2, such that more fulllength Ci D protein is able to access and activate target genes (Aza-Blanc et al., 1997; Sisson et al., 1997) . However, at least in posterior ci D /+ cells, which are continuously exposed to the Hh signal and in which Ci D should have unrestricted access to its target genes, Ci D activity is also strongly enhanced by binding to Arm, arguing against a simple processing or displacement hypothesis.
Competition for Arm determines the outcome of Ci D signaling
It has been proposed that during embryogenesis ci D functions as a gain-of-function allele of ci (Orenic et al., 1990; Slusarski et al., 1995; Von Ohlen et al., 1997) . This is largely based on the striking finding that Ci D can substitute for Hh protein in driving expression of Hh-responsive genes. -ci expression has no effect on wing margin formation. A higher magnification of the posterior wing margin region is shown below each panel. Specifically, Von Ohlen et al. (1997) (Fig. 7) . Together with our observation that Ci D interferes in a dominant-negative manner with Wg signaling, our results illustrate that the levels of free and accessible Arm protein critically determine the output of Wg signaling in wildtype and the output of Ci D signaling in mutant situations.
Materials and methods
In situ hybridization
Digoxigenin whole-mount in situ hybridizations (Tautz and Pfeifle, 1989) were performed using DIG-labeled pan and ci sense and antisense RNA probes.
Genomic Southern and RT-PCR
DIG-labeled DNA probes for Southern analysis were prepared from restriction fragments of two cosmids covering the ci and pan genomic regions. A small region at the 5' end of the pan gene is not covered by these two cosmids and was thus covered by PCR probes or probes derived from a pan cDNA clone. mRNA from ci D /+ animals was purified using the Qiagen RNA Purification kit and RT-PCR was then performed using a variety of primer pairs; the combinations that successfully amplified the hybrid cDNA fragments are (see also Fig. 2 ): 5′-GAGGTACCGAGCTTGAAACGT-CAG-3′ (P1, ci-derived) and 5′-CGGAATTCAGTA-CATGCCACATCGCACC-3′ (P3, pan-derived) for the pan-ci fusion, and 5′-CGGAAT-TCGTGTGAGATTTGGC GATACCC-3′ (P2, ci-derived) and 5′-TCGGTACC- GAATCCGTTGTCGATCTGTC-3′ (P4, pan-derived) for the ci-pan fusion.
Drosophila stocks
Clones expressing DArm were generated using larvae of the genotype hsp70-flp, UAS Ͼ CD2,y + Ͼ flu-Darm, C765-Gal4 (Zecca et al., 1996) heat shocked at 34°C for 30 min, 3 days before dissection. These larvae were carrying either ptc-lacZ or dpp P10638 -lacZ reporter genes (Chen and Struhl, 1996) to assay Hh target gene expression. tubulin\ -a1 Ͼ ci and UAS-ci transformants were provided by N. Méthot.
Transgenes
The following constructs were made in pUAST (Brand and Perrimon, 1993) -Ci protein in which the Pan N-terminal 56 amino acids are truncated and replaced by amino acids MSDL. All UAS transgenes were tested by using the C765-Gal4 or vg-Gal4 drivers (Simmonds et al., 1995; Nellen et al., 1996) . Detailed information on these transgenes is available on request.
Antibody and X-Gal staining of wing imaginal discs
Stainings for flu-tag and b-galactosidase expression were carried out with a mouse anti-flu (12CA5) and a polyclonal rabbit anti-b-galactosidase antibody (from Cappel), respectively (Struhl and Basler, 1993; Burke and Basler, 1996) . XGal stainings were done according to standard procedures.
